Abstract
Introduction
There are many industrial processes where water is used as coolant, and returned to the 19 cold water reservoir, so that a mixture is produced of hot and cold fluids. The temperature 20 gradient between them can be quite high in the case of thermal power plants, where heat 21 transfer from hot to cold reservoirs is the most widely exploited route for producing electrical 22 energy, but whatever the process where refrigeration is required, exergy is wasted by simply 23 mixing the two kinds of water. Although temperature differences between the water input 24 and output are hardly above 20
• C, after being refrigerated in the power plant, waters near 25 geysers or thermal waters in volcanic areas can reach 85
• C or more.
26
In this paper we propose taking advantage of solution temperature differences in the 27 direct production of electrical energy. This can be done by properly using the capacitance of emergent technologies jointly known as Capmix methods. [2] [3] [4] These are all based on the that of ionic contents differences.
45
Exploiting the temperature effect on energy production systems is an idea present in other 46 techniques. For instance, Sales 5 has recently proposed to use the so-called thermal membrane
47
potential : an electric potential is generated when hot and cold waters are contacted with 48 anion and cation exchange membranes, respectively. That potential can be used in energy 49 production by charging carbon electrodes in contact with the membranes, and discharging 50 them through the external circuit. This is a modification of the capacitive mixing procedure 51 known as CDP (Capacitive energy extraction based on Donnan Potential), also a member 52 of the Capmix family.
3,4,6
53
In this work, we show some results concerning the implementation of CDLE with temper-54 ature differences between the two solutions used in the exchange process. A theoretical model 55 based on cylindrical geometry for the electrode micropores is described and its predictions 56 discussed. Experimental results are also offered, and their agreement (at least qualitative)
57
with the theoretical description is analyzed.
58
Principles of the method 59 We begin by considering two charged electrodes in contact with salty water. can be, to a first approximation, related by
where ε m ε 0 is the permittivity of the solution, k B is the Boltzmann constant, T the absolute temperature, an aqueous solution of a symmetric z-valent electrolyte with number concen-68 tration n of each ion, is assumed, and e is the electron charge. In the CDLE process, a 69 change in the capacitance of the EDL is produced by changing the salinity of the solution
70
in contact with the interface: a decrease in n at constant σ produces a higher potential Ψ S
71
(eq 1).
72
Additionally, modifications can be produced by changing the permittivity of the solution,
73
by, for instance, increasing or reducing its temperature. Specifically, an increase in tempera-
74
ture produces a decrease of the electric permittivity of water, and, as a consequence, a larger 75 electrode potential for given charge. In fact, from eq 1, it can be easily obtained that the
decreases with temperature, if ε m does.
78
In Figures 1, 2 connected to a battery with potential difference V in the presence of cold water. At equi-83 librium, the same potential difference will be established between both electrodes. Each of 84 them will acquire a surface charge equal to σ A in absolute value, and a potential difference
85
|Ψ 0 | = |V |/2 with respect to the solution in the space between them (1 in Figures 1, 2 ).
86
Then, in open circuit, cold and hot waters are interchanged (step 1→2 in Figure 1 , 2 In this work, we propose an approach in which the porous electrodes are modelled as a 128 swarm of cylindrical pores. We will include the following aspects in our simulations:
129
• Non-Planar EDL: inside the activated particles, the most abundant pores are typically 130 less than 5 nm in diameter, and curvature effects on the electric potential profile can 131 be significant.
132
• EDL overlap: it is likely in the smallest pores and with the less concentrated solutions,
133
considering that the potentials used for charging can be relatively high. This model is an extension to cylindrical pores of the one presented in. 23 Since the most 143 abundant ions in natural waters are Na + and Cl − we will restrict the analysis to this salt,
144
although a more general solution composition can be considered if needed. Hence, we perform 145 a mean field analysis of the structure of the EDL, and so, the electric potential distribution 146 will be given by Poisson's equation:
In this equation, Ψ is the electrostatic potential at position r, r is the cylindrical radial 148 coordinate with origin at the pore axis, e the electron charge, and n Table 1 were used at every temperature.
152 Table 1 : Relative permittivity of water for different temperatures This equation will be solved subject to the following boundary conditions (r is the radial 153 cylindrical coordinate with origin at the pore axis), specifying the surface potential of the 154 pore wall, Ψ S , and the zero electric field at the pore axis:
The interaction between ions can be taken into account by using sophisticated models 
where n ± ∞ and n ± M AX denote, respectively, the bulk concentration and the maximum concen-167 tration allowed for the corresponding ionic species.
168
Note that we also take into account the excluded volume between particle surface and 169 hydrated ions. Hence, Eq. 3 must be solved separately in different regions. In the first 170 one, between the particle surface and the radius of the smallest ion (Cl − in the case of between every pair of regions:
Note that the existence of a minimum distance of approach of ions to the pore wall (with 177 thickness controlled by the ion radius) determines a charge-free inner layer at the edge of the charge density, σ, is:
Finally, the extracted work in every cycle is represented by twice the shadowed area in
186
Figure 2 (one term for each electrode):
Roughly speaking, the area is 2∆σ∆Ψ. This is important to be stated, because from this it 188 is clear that the extracted work can be increased by increasing either the charge exchanged 189 ∆σ, the potential rise ∆Ψ, or both. It must be emphasized that all calculations presented 190 in the work were performed using the model described.
191

Materials and Methods
192
In Figure 3 we present a scheme and a picture of the cell. The two electrodes are composed the energy extracted can be up to five times larger if river water is 50
• C above sea water.
237
Even for more realistic temperature differences (45 • C to 25 • C, say), a factor of two in the 238 energy gain is achievable.
239
Experimental Results
240
DLPE demonstration
241
In Figure 7 we show an example of the voltage between electrodes in a DLPE cycle. For latter technique. However, we can improve on these results, as described below.
264
Both techniques together
265
A clear way of improving on both DLPE and CDLE used separately is the use of both 266 techniques together. Data in Figure 9 prove that optimum conditions can be found in which
267
properly combining temperature and salinity differences makes it possible to maximize the for by a likely larger loss associated to the high conductivity of the solution.
273
In fact, the presence of charge leakage can be made clear when considering the experi- • C, for the indicated charging voltages.
